1. Introduction
===============

Lunar samples collected during the Apollo mission showed that the composition of the Moon is similar to the Earth's mantle, *i.e.*, the lunar composition show a smaller amount of Fe (compared to the whole Earth including the core) and relatively "depleted" nature (*e.g.*, refs. [@r01], [@r02]). Hartmann and Davis^[@r03])^ proposed that the Moon might have been formed by materials ejected from the mantle of proto-Earth by a giant impact after the core formation. If the collision is highly oblique, it will also explain the large angular momentum of the Earth-Moon system. Thus a giant impact model became a standard model for lunar formation (*e.g.*, ref. [@r04]).

Large-scale numerical modeling approach has been used to understand the formation of the Moon (*e.g.*, refs. [@r05]--[@r08]). However, most of these models showed difficulties in explaining the chemical composition of the Moon. For example, one of the first numerical modelings already showed that a majority of materials to become the Moon is from the impactor if the collision occurs at a highly oblique angle^[@r05])^ (see also ref. [@r06]). This is due to the large shear of the impactor caused by an oblique collision. Recent geochemical measurements show, however, that the isotopic compositions of the refractory elements of the Moon are nearly identical to those of Earth (*e.g.*, refs. [@r09], [@r10]), suggesting that a majority of the Moon is likely formed from the materials of the mantle of the proto-Earth. The inference of the major element chemistry is less robust than the estimate of the isotopic composition, but both petrological and geophysical studies suggest that the lunar mantle has higher FeO content than Earth's mantle (*e.g.*, refs. [@r01], [@r11]). A viable model for the lunar origin should also explain this aspect of composition.

In order to explain the similarity in the isotopic composition, Cuk and Stewart^[@r07])^ considered a nearly head-on collision of a proto-Earth with an impactor. They found that if a small impactor (∼2.5% of Earth mass) collides a rapidly rotating proto-Earth with high velocity (∼30 km/s) with a relatively small grazing angle, then the ejected materials are mostly from the proto-Earth and the Moon has a composition similar to the composition of Earth's mantle. Canup^[@r08])^ considered a different possibility. She showed that when a large impactor collides the proto-Earth with a modest velocity (∼15 km/s) and a modest grazing angle, then the impactor and the proto-Earth will be well mixed so that Earth and the Moon will have similar composition.

In both models, the collision is not as oblique as the original model, and consequently explaining the large angular momentum of the Earth-Moon system is not straightforward.^[@r07],[@r08])^ In addition, there are two limitations in these models. First, these models can explain the chemical composition of the Moon only in a small parameter space. Therefore, the Moon was formed, in these models, by a highly fortuitous event. Second, these models do not explain the difference in the major element chemistry between these two planetary bodies such as the difference in the FeO (*e.g.*, refs. [@r01], [@r12]).

From a more geochemical view-point, Ringwood^[@r02])^ (on page 244) discussed that materials ejected from the giant impact to become the Moon would be mostly from the mantle of Earth because of higher temperature than the projectile although he did not discuss the role of the terrestrial magma ocean (magma ocean on the proto-Earth). Similarly, Zhang *et al.*^[@r09])^ stated that the nearly identical isotopic composition of Ti may imply that materials of the Moon might come from the terrestrial magma ocean. Melting will not modify the isotopic compositions of heavy elements but will modify the major element composition (*e.g.*, refs. [@r13], [@r14]). Therefore terrestrial magma ocean origin of the Moon is a plausible model because high temperature and resultant melting are the natural consequence of planetary formation. However, physical processes to justify such a model have not been examined in these previous studies.

In this paper, I will analyze one key issue related to shock heating upon a giant impact. This is the asymmetry in heating upon shock compression. As I will explain in the next section, this asymmetry is a consequence of fundamental differences in the physical mechanisms of compression between solids and (silicate) melts. Silicate melts likely exist on the surface of a growing large terrestrial planet like Earth (magma ocean), and materials in the magma ocean will be selectively heated up and ejected to the orbit surrounding the proto-Earth to become the Moon. It appears that including such physics is a first step toward the understanding of the lunar composition as a natural consequence of planetary formation. In this scenario, the fundamental differences in compressional properties of solids and silicate melts play a key to solve the puzzle of composition of the Moon. In this paper, I will present the results of calculation of heating upon a giant impact, and present a discussion on the possible implications of the asymmetric heating on the composition of the Moon.

2. Heating by shock compression
===============================

One of the major limitations in all previous numerical models of a giant impact is the use of the same equation of state for the impactor and the proto-Earth. This is a gross over-simplification because the degree of collisional heating is highly sensitive to the materials properties particularly the compressional properties such as the bulk modulus and the Grüneisen parameter. These properties differ substantially between silicate solids and liquids.^[@r15]--[@r17])^ In the later stage of planetary formation when the Moon was formed, the proto-Earth likely had a magma-ocean on its surface but the impactor was likely a completely solid planet. In these cases, proto-Earth materials and impactor materials will be heated differently, leading to a substantially different consequence for material ejection and hence the composition of the Moon that might have been formed from the ejected materials.

To illustrate the importance of the differences in compressional properties in the collisional heating, I will consider a simple case where two bodies (one liquid and another solid) collide at a planar interface. The collision of two bodies generates pressure and volumetric strain in each body (Fig. [1](#fig01){ref-type="fig"}), leading to heating. Thermodynamics of heating upon collision can be formulated exactly as far as a sufficiently intense collision occurs so that the Hugoniot elastic limit (HEL) is exceeded. For a typical silicate mineral this is a case when the collision velocity exceeds ∼0.5 km/s. The collision velocity associated with a giant impact is likely close to the escape velocity of the proto-Earth (∼10 km/s for Earth^[@r18])^), so this condition should be well satisfied.

Under these conditions, using the conservation of mass, momentum and energy one can obtain the Rankine-Hugoniot equation of state (*e.g.*, ref. [@r19]),where *E* is internal energy, *P* is pressure and *V* is volume, and the suffix "*o*" means the initial state. Differentiating Eq. \[[1](#e01){ref-type="disp-formula"}\], and combining with the thermodynamic identities, *dE* = *TdS* − *PdV* and ![](pjab-90-097-i001.jpg), one obtains,^[@r20])^where γ is the Grüneisen parameter, *C*~υ~ is the specific heat, *V* is the volume at pressure *P*, and *V*~*o*~ is the volume at pressure *P*~*o*~. Pressure *P* is related to the molar volume, *V*, through the equation of state.

This relation means that if one knows the Grüneisen parameter (as a function of density) and the equation of state (*i.e.*, *P* = *P*(*V*)), then one can calculate the temperature increase upon compression. The first term of Eq. \[[2](#e02){ref-type="disp-formula"}\] represents the adiabatic heating and the second term corresponds to the heating due to the excess entropy produced by shock deformation. Both of these terms are sensitive to material properties such as the bulk modulus and the Grüneisen parameter (including its volume dependence) and hence the temperature increase due to a collision depends strongly on the compressional properties of materials.

The Grüneisen parameter may be written as ![](pjab-90-097-i002.jpg) that indicates that the Grüneisen parameter expresses the degree of heating by compression under the adiabatic condition. The recent theoretical and experimental studies showed that the behavior of the Grüneisen parameter upon compression is largely different between liquids and solids (*e.g.*, refs. [@r15]--[@r17]): the Grüneisen parameters for silicate liquids are much larger than those for solids at high compression. This implies higher degree of heating for liquids than for solids. Jing and Karato^[@r15])^ explained this difference by a fundamental difference in the mechanism of compression between these two classes of materials.

The Rankine-Hugoniot equation of state can be cast into the following relation if one uses an empirical linear relationship between the particle velocity and the velocity of the motion of the shock front (*U*~*s*~ = *C*~*o*~ + λ*u*~*P*~ where *U*~*s*~ is the velocity of the shock front and *u*~*P*~ is the particle velocity), viz. (*e.g.*, ref. [@r19]),where ![](pjab-90-097-i003.jpg) is the bulk sound velocity, and ![](pjab-90-097-i004.jpg). Again, there is a large difference in bulk moduli (*i.e.*, the bulk sound velocity) between solids and non-metallic liquids. Bulk moduli of solids (at zero pressure) vary from one material to another, whereas the bulk moduli of non-metallic liquids are similar and much smaller than those of corresponding solids.^[@r15])^ Jing and Karato^[@r15])^ attributed this to the fundamental difference in the compression mechanisms of these materials.

Using the relation \[[3](#e03){ref-type="disp-formula"}\], Eq. \[[2](#e02){ref-type="disp-formula"}\] can be integrated to yield, with ![](pjab-90-097-i005.jpg) and ![](pjab-90-097-i006.jpg). I have calculated the temperature increase upon a collision of liquid and solid at a planar interface for various collision velocities (Fig. [2](#fig02){ref-type="fig"}). For a liquid, I assumed the initial temperature of 2,000 K, whereas for solids 1,500 K was assumed (slightly different values of these temperatures would not change the main conclusions). Some of the key parameters used in this calculation are summarized in Table [1](#tbl01){ref-type="table"}. The temperature increase in liquid is much higher than that in solid. This is partly due to the higher volumetric strain of liquid than solid (due to the smaller bulk modulus of liquids than solids), but the difference in the volume dependence of the Grüneisen parameter also plays an important role. One might consider that above the HEL, any materials behave like fluids and there is no distinction between liquids and solids. This is not correct. Even above the HEL, the long-range order is present in a solid material (because deformation occurs by simple shear by the propagation of dislocations and/or stacking faults above the HEL) and the compression mechanism of such a material is different from that of a liquid.

When temperature reaches certain values, phase transformations will occur (*e.g.*, from solid to liquid, from liquid to gas). The melting and the vaporization temperature depend strongly on pressure. Detailed phase diagrams of relevant materials for a broad range of pressures and temperatures (P to a few hundred of GPa, and T to ∼30,000 K) are not available, but Melosh^[@r21])^ calculated a phase diagram for SiO~2~ for these conditions and compared the results with experimental observations by ref. [@r22]. If the phase diagram of SiO~2~ can be used as a guide, we expect that at the peak pressure and temperature corresponding to the collision velocity of ∼10 km/s (the escape velocity of the proto-Earth) or higher, materials in the magma ocean will be in the super-critical fluid which, upon adiabatic cooling, will become a vapor phase. In contrast, solid planet will remain solid (Fig. [2](#fig02){ref-type="fig"}). A vapor phase in general has a larger molar volume than the condensed phases and hence upon shock heating and subsequently cooling, materials that was initially in the magma ocean will expand their volume substantially, forming vapor jets.^[@r23])^

3. Speculations on the fate of shocked materials
================================================

The height to which the ejected materials are transported initially and the initial velocity (relative to the planet to which collision occurs) of shocked materials play an important role in controlling the fate of ejected materials^[@r04])^ (Fig. [3](#fig03){ref-type="fig"}). If the height and initial velocity are too large, these materials escape from the proto-Earth. If the height and/or the initial velocity are too low they come back to the proto-Earth (re-impact). Only when the height and velocity have the appropriate values, the ejected materials will orbit the proto-Earth from which the Moon could be formed.

In previous models of giant impact with oblique collision, materials of the impactor are highly sheared and the sheared materials go into the orbit surrounding the proto-Earth.^[@r05],[@r06])^ A giant impact will also produce vapor jets (made of highly heated materials in the magma ocean on the proto-Earth) that will go into the orbit surrounding the proto-Earth.^[@r23])^ Consequently, the composition of the Moon will be controlled by the competition between the shear of the impactor and the effects of vapor jets. The relative contribution of shearing and vapor jets may be estimated by comparing two forces (Fig. [4](#fig04){ref-type="fig"}): the force due to the pressure gradient associated with a jet and the force (per unit volume) associated with the shear. The ratio is given by ![](pjab-90-097-i010.jpg) where ρ is the density of the impactor (∼3,000 kg/m^3^), υ is the collision velocity (∼10 km/s), Δ*t* is collision time (∼1000 sec^[@r06])^), Δ*P* is the pressure change due to vaporization (200 GPa), Δ*x* is the space scale at which pressure changes (∼1,000 km), and ξ is a parameter that depends on the collision geometry (0 \< ξ \< 1) (*e.g.*, ref. [@r23]). Inserting plausible values listed above, one finds ![](pjab-90-097-i011.jpg), suggesting that vapor jet will dominate. The actual difference in the motion of materials is also related to the resistance of materials for deformation. Since the resistance for motion (deformation) is much less for the gas than for the solid (impactor), I conclude that materials in the vapor jet are likely ejected away from the proto-Earth more than the materials from the deformed impactor and hence contribute more to the Moon.

The composition of a magma ocean can be estimated from the phase diagram (element partitioning) of peridotite and the principles of the isotopic fractionation. I use the experimental data on Fe/Mg partitioning between olivine and ultramafic melt^[@r14])^ to estimate the Mg\# of magma ocean for a various degree of melting. Inferred value of Mg\# of the Moon (∼83 ± 5) can be explained by a broad range of degree of partial melting (∼20--80%) or fractional crystallization. The degree of chemical segregation upon melting depends on the process of melting. Melting by a giant impact and partial melting will have somewhat different consequence on chemical segregation. However, the experimentally observed Fe/Mg partitioning between the ultramafic melts and olivine implies that melt will always be more FeO rich than co-existing solids under these conditions. In contrast to the major element composition, isotopic fractionation elements is much less affected by partial melting (*e.g.*, ref. [@r13]). However, the chemical composition of the Moon can be somewhat different from the composition of the materials ejected by the impact because the processes of condensation from the gas-liquid mixture can modify the composition (*e.g.*, ref. [@r24]). The present model could also explain the presence of a small Fe-rich core,^[@r25])^ if the influence of reduction at high temperatures is included.

3. Summary and discussions
==========================

The current model of planetary formation suggests that a large degree of heating occurs in the late stage of planetary formation. The efficient heating in this stage is a result of quick and hence efficient conversion of large gravitational energy to heat due to the collisions of relatively large objects. Consequently, high degree of heating will occur leading to melting (magma ocean formation) in a large planet (larger than Mars, *e.g.*, ref. [@r26]), but not on a smaller one. Therefore the proto-Earth is likely covered with a magma ocean, but an impactor (Mars size?) is likely a completely solid planet. If such a proto-Earth is hit by a smaller solid planet, heating occurs mostly in the magma ocean. Vaporized materials from the magma ocean will go into the orbit and finally form the Moon. In this scenario, composition of the Moon including the similarity in the isotopic composition and the dissimilarity in the major element composition is a natural consequence of a giant impact that occurs in the later stage of planetary formation.

Because a majority of vaporized materials from which the Moon could have been formed is from the magma ocean, highly oblique collision can also form the Moon from the proto-Earth. Consequently, explaining the large angular momentum of the Moon-Earth system in this model is more straightforward than the models by Cuk and Stewart^[@r07])^ or by Canup.^[@r08])^

One issue in this model is the cooling time-scale of the magma ocean. Cooling time scale of a magma ocean depends on its depth extent (and hence temperature) as well as the surface conditions (presence or not of the thick atmosphere) (*e.g.*, ref. [@r27]). Some of the hot magma oceans in the deep mantle might have a short life-time (∼1000 years or less). However, Abe^[@r27])^ showed that a shallow and relatively cool magma ocean (∼300 km depth) would survive for ∼100--200 Myrs due largely to the presence of the thick atmosphere. Since the timing of the Moon forming giant impact is ∼several 10s Myrs after the formation of the Solar System (*e.g.*, ref. [@r28]), it is likely that a shallow magma ocean existed when a Moon forming giant impact occurred. A 300 km thick magma ocean on Earth will have ∼4 × 10^23^ kg of mass in comparison to the mass of the Moon of 7 × 10^22^ kg, and hence has enough mass to be a source of the Moon if a substantial fraction of the materials of the magma ocean became the Moon.

Another limitation of the present work is that the influence of the entropy change upon the vaporization on the temperature increase is not included. This effect (effect of latent heat of vaporization) will reduce the temperature by shock compression and hence the actual temperature increase upon shock compression will be lower than those shown by my present calculation. Nevertheless, the conclusion that the pre-existing magma ocean will be substantially more heated than the completely solid impactor will remain unchanged.

Although the analysis I presented in this paper provides a possible new way to understand the origin of the Moon, the details of the model particularly the influence of realistic geometry of collisions and the mechanical aspects such as the angular momentum transfer are not studied in this paper. Numerical modeling incorporating the different compressional properties of materials will be needed to assess the plausibility of the present model. Key materials properties in such modeling include the difference in the compressional properties between molten and solid materials, and the influence of latent heat of vaporization.
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![(a) Collision velocity versus pressure. (b) Collision velocity versus volumetric strain. Collision of two bodies at a planar interface is considered. The pressure was calculated using the continuity of displacement and pressure at the interface and the conservation laws (mass, momentum and energy).^[@r29])^ The collision is assumed to occur above the Hugoniot-elastic limit (HEL). The volumetric strain is calculated using the Rankine-Hugoniot equation of state. The parameters used are shown in Table [1](#tbl01){ref-type="table"}.](pjab-90-097-g001){#fig01}

![Collision velocity versus temperature. The temperature increase by a collision is calculated using the relation \[[1](#e01){ref-type="disp-formula"}\] in the text. This temperature corresponds to temperature at the highest shock pressure. Parameters used are summarized in Table [1](#tbl01){ref-type="table"}. γ: the Grüneisen parameter, *V*: volume, *q*: a non-dimensional parameter in relation ![](pjab-90-097-i007.jpg) (*q* ∼ 1 for solids, *q* \< 0 for liquids).](pjab-90-097-g002){#fig02}

![A schematic diagram showing possible paths of materials ejected at a certain height. Only a fraction of materials goes to the orbit (shaded region) from which the Moon was formed. The fate of ejected materials depends on the ratio h/R and materials with only for modest value of h/R and velocity will become the source of the Moon.](pjab-90-097-g003){#fig03}

![Schematic drawing of processes of ejection of materials upon a giant impact. (a) A case where the proto-Earth does not have a magma ocean. (b) A case where the proto-Earth has a magma ocean.](pjab-90-097-g004){#fig04}

###### 

Material properties used in the computation of shock heating

                                  ultramafic melt   olivine
  ------------------------------- ----------------- -------------
  *k*~*o*~ (GPa)                  60 (GPa)\*        160 (GPa)\*
  **![](pjab-90-097-i008.jpg)**   1.3               1.3
  γ~*o*~                          1.5               1.5
  *q\**\*                         −2-- −1           0--1

*k*~*o*~: Bulk modulus at the reference state.

γ~*o*~: Grüneisen parameter at the reference state.

\*Zero pressure values of bulk modulus of ultramafic melt and olivine are ∼20 GPa and ∼120 GPa respectively, but collisional effects penetrate into the deep interior. I assumed the average pressure of ∼10 GPa for materials that are subject to shock compression.

\*\*![](pjab-90-097-i009.jpg), *q* is negative for non-metallic liquids (*e.g.*, refs. [@r15], [@r16], [@r30]), but positive for solids (∼1, *e.g.*, ref. [@r31]).
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